Carbohydrate intake affects postprandial glucose levels and insulin response, which plays a role in carcinogenesis. The relationship between carbohydrate intake, dietary glycemic index (GI) and glycemic load (GL), and risk of renal cell carcinoma (RCC) remains unclear. We conducted a case-control study including 854 patients with newly diagnosed RCC (cases) and 1255 healthy participants (controls) recruited since 2002. GI, GL and carbohydrate intake were obtained via a validated food frequency questionnaire. Odds ratios (ORs) and 95% confidence intervals (CIs) were estimated using multivariable logistic regression, adjusting for potential confounders. We found that higher GI was significantly associated with RCC risk with an OR of 1.32 (95% CI, 0.99-1.74; P trend = 0.026) (the highest versus the lowest quartiles). We also observed an inverse association between fiber intake and RCC risk with OR of 0.70 (95% CI = 0.50-0.99) as well as between starch intake and risk of RCC with OR of 0.65 (95% CI = 0.49-0.87). Individuals with a high-GI diet and hypertension or high body mass index (BMI) had a 2.7 times (OR = 2.67, 95% CI = 1.96-3.64) and two times (OR = 1.95, 95% CI = 1.29-2.92) higher RCC risk, respectively, than those without these factors. Our findings suggest that a high-GI diet is associated with an increased risk of RCC, whereas increased fiber and starch intakes appear to be associated with a decreased risk of RCC. We found that reducing GI levels and increasing fiber intake could be a dietary strategy to decrease RCC risk, especially for individuals with hypertension or high BMI.
Introduction
Renal cell carcinoma (RCC), the most common histologic type of kidney cancer, is now the eighth most frequent cancer in the USA (1) . Established risk factors for RCC include hypertension, obesity, tobacco use, family history of kidney cancer and certain dietary factors (2) . One such proposed dietary factor is carbohydrate intake, which has been implicated in the etiology of several other cancers (3) .
Carbohydrate-rich foods affect postprandial glucose response and insulin levels at different rates, depending on the types of carbohydrates ingested, the amount of fiber the food contains and the food-processing method (4) . The glycemic effect from any food is expressed as the glycemic index (GI), a ranking system of how quickly the food raises blood glucose levels, assuming the food contains a standardized amount of digestible carbohydrates (5) . Glycemic load (GL) estimates the blood glucose response using the GI and the quantity of carbohydrates consumed. Compared with a low-GI diet, a high-GI diet will result in dramatic fluctuations of postprandial blood glucose levels, leading to high circulating levels of insulin and insulin-like growth factor I (IGF1), which play critical roles in regulating cell proliferation and differentiation and thus may affect cancer risk (6) .
Observational studies have shown that a diet high in GI and/ or GL is related to increased risk of multiple cancers including colorectal, breast and endometrial cancer (7, 8) , but there are few studies on kidney cancer and findings from available studies are inconsistent. A case-control study in Italy indicated that high-GI and high-GL diets were associated with an increased risk of RCC (9) . In contrast, a cohort study in the United States (10) and a case-control study in Canada (11) that investigated GI, GL and the risk of several types of cancer did not find a statistically significant association between GI, GL and kidney cancer risk. The three studies were from three different countries with different study designs. In addition, although the three studies presented the multivariable-adjusted associations, some important potential confounders (e.g. sodium intake and overall diet quality) were not considered or adjusted. The few studies that have investigated associations between total carbohydrate intake, intake of different types of carbohydrates (starch, sugar and fiber), and RCC risk have also yielded conflicting results (12) (13) (14) .
We therefore investigated the associations between GI, GL and carbohydrate intake (total carbohydrates, fiber, starch and sugar) and risk of RCC and whether these associations varied by known or potential risk factors using data from a large casecontrol study.
Materials and methods

Study population
Our study used data from an ongoing case-control study of kidney cancer initiated in 2002 and was approved by The University of Texas MD Anderson Cancer Center Institutional Review Board. Study design and subject recruitment criteria have been described previously (15) . Briefly, all cases were patients with a recent diagnosis (diagnosis within 1 year of enrollment) of RCC that was histologically confirmed. Controls were healthy participants without a history of cancer (except non-melanoma skin cancer) who were identified and recruited using the random digit dialing method at the time cases were recruited. The overall response rate for RDD screening was 51% and, among those who agreed to participate, the response rate was 88%. The response rate for the eligible cases was 87%. All cases and controls gave written informed consent before participation in the study.
Data collection
An in-person interview was conducted by MD Anderson staff to obtain epidemiological data, including but not limited to, demographics, education, smoking, family history of cancer/kidney cancer, history of hypertension/diabetes prior to diagnosis (cases) or recruitment (controls) and physical activity. Body mass index (BMI; kg/m 2 ) was calculated through self-reported usual height and weight and categorized into three groups (normal and underweight <25 kg/m 2 ; overweight 25-29.9 kg/m 2 ; obese ≥30 kg/m 2 ) according to the standard classifications of the World Health Organization (WHO). Participants also reported the average frequency they spent on five broad groups of activities in the year before interview. The grouping of activities was based on strenuousness, and the activities included in each group have similar strenuousness. A metabolic equivalent value was assigned on the basis of the energy cost of each activity group (16, 17) . Energy expenditure from physical activity was calculated as the metabolic equivalent value of each activity multiplied by the frequency of each activity and then summed across all activities. The weekly metabolic equivalent score (MET) of activity was estimated, and participants were categorized into tertiles based on the distribution in the control group. A never smoker was an individual who had never smoked or had smoked less than 100 cigarettes in his or her lifetime. An individual who had smoked at least 100 cigarettes in his or her lifetime but had quit at least 12 months before diagnosis (for cases) or before the interview (for controls) was defined as a former smoker. Current smokers were those who were currently smoking or had quit <12 months before diagnosis (cases) or before enrollment (controls). Ever smokers included former and current smokers.
A previously validated food frequency questionnaire (a modified version of the National Cancer Institute's Health Habits and History Questionnaire (18) was used to assess diet during the year before diagnosis (cases) or before enrollment (controls). The questionnaire includes a semi-quantitative food frequency list made up of food and beverage items and an open-ended section regarding dietary behaviors such as dining in restaurants and food preparation methods. For each type of food, a commonly used unit or portion size was specified and frequency was collected. The amount consumed (g/day) of each food or beverage item and total intake of energy, carbohydrates, fiber, starch, sugar and alcohol were calculated using the USA Department of Agriculture National Nutrient Database for Standard Reference and Dietary Studies (19) . All nutrient and food variables of interest were energy adjusted for total caloric intake using the residual method (20) .
GI and GL calculations
GI values (using glucose as the reference food) were obtained from published international tables (4) and were assigned to individual foods in the food frequency questionnaire with the best match possible, as previously described (21) . The GL for each food was calculated by multiplying the available carbohydrate content of the food consumed by its GI value, and total daily GL was the sum of the GL of all individual food items divided by 100 (4). The overall GI, which reflects the average quality of carbohydrates consumed, was estimated by dividing the total GL by the total daily available carbohydrate intake. To avoid overestimating the glycemic effect from any food containing fiber, especially high-fiber foods, we removed fiber from the total carbohydrates to calculate available carbohydrates (4, 10) .
Statistical analysis
We excluded 95 individuals with outlying total energy intake (i.e., outside the interval delimited by the 25th percentile minus 1.5 times the interquartile range and the 75th percentile plus 1.5 times the interquartile range), and our final analysis included 854 cases and 1255 controls. Baseline characteristics were compared between cases and controls using the Student t-test for continuous variables and the Pearson chi-squared test for categorical variables. Participants were categorized into sex-specific quartiles by GI, GL, total carbohydrate, fiber, starch and sugar intake based on the distribution in the control group. GI and GL were also treated as continuous variables by dividing the original GI or GL by its interquartile range of the sex-specific distribution among the controls. Unconditional multivariable logistic regression was used to calculate the odds ratios (ORs) and 95% confidence intervals (CIs) for the association of GI, GL and carbohydrate intake with RCC risk after adjusting for potential confounders identified on the basis of a priori knowledge. We included age (continuous), sex and energy intake (kcal/day; continuous) in the minimally adjusted model (model 1). A second model (model 2) also adjusted for education, smoking status, history of hypertension, physical activity, usual BMI and family history of kidney cancer. The fully multivariable model (model 3) further included Healthy Eating Index (HEI)-2015, which was calculated according to (https:// epi.grants.cancer.gov/hei/developing.html). Other potential confounders considered but not included in the multivariable model were race/ethnic, history of diabetes, alcohol consumption and sodium intake; these variables were not included because they did not improve the fit and predictive power of the model by the likelihood ratio test. Exposure variables were treated as ordinal variables to test for trends across quartiles in the model.
We also conducted stratified analyses to explore potential effect modifications on continuous increments of GI and GL values and RCC risk by known or potential risk factors. Multiplicative interaction was determined using the Wald statistic. Joint effects of GI and GL with hypertension, BMI were also assessed using the multivariable model by adjusting the appropriate covariates. Analyses were conducted using Stata 13.0 (StataCorp LP, College Station, TX). Two-sided P < 0.05 were considered statistically significant. Table 1 shows the distribution of selected characteristics and dietary factors for cases and controls. Cases and controls differed in age, sex, education, ethnicity, family history of kidney cancer and hypertension. Cases were more likely to be obese and have a lower level of physical activity than controls (P < 0.001). Also, cases had significantly lower HEI-2015 (P < 0.001). GI and GL exposures and total energy intake were higher while fiber and alcohol intake were lower in cases than in controls. The top 30
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foods that contributed most to the total GL were presented in Supplementary Table 1, available at Carcinogenesis Online. Table 2 presents adjusted ORs and corresponding 95% CIs in three models for the association between RCC risk and increasing quartile of GI and GL exposures and carbohydrate, fiber, starch and sugar intake. Higher GI diets were positively associated with RCC risk (P trend = 0.026), and the OR for the highest GI quartile was 1.32 (95% CI = 0.99-1.74) compared with the lowest quartile in the fully adjusted model. The OR was 1.12 (95% CI = 1.03-1.23) when GI was treated as a continuous variable. GL was not associated with RCC risk in any model. Participants in the highest quartile for intake of fiber and starch had a significantly lower risk of RCC than those in the lowest quartile (fiber: Table 2 , available at Carcinogenesis Online, starches from high GI (>55) foods were more closely associated with RCC risk compared to starches from low GI (≤55) foods. Total carbohydrate intake was not significantly associated with RCC risk. The highest quartile for sugar intake was associated with a significantly higher risk of RCC compared with the lowest quartile (OR = 1.33, 95% CI = 1.01-1.74). Also, we analyzed the association between different types of sugar (glucose, fructose, sucrose, galactose, lactose and maltose) and RCC risk. As shown in Supplementary Table 3 , available at Carcinogenesis Online, there were differences in relationship with RCC depending on the type of sugar, and higher intakes of glucose, fructose and sucrose were significantly associated with RCC risk while other sugars were not. Figure 1 shows the association of GI and GL with RCC risk stratified by age, sex, smoking status, education, hypertension, BMI, physical activity, total energy intake, fiber intake, starch intake, stage and histological subtype. These results were consistent with our overall findings: the risk associated with RCC increased with the increase of GI as a continuous factor within each stratum, although no evidence of interaction was observed across these strata (P interaction > 0.05). The ORs of increasing GI for RCC appeared to be greater in in men, in former and current smokers, in individuals with hypertension, in individuals with low physical activity, in individuals who were obese or overweight, in individuals with low starch intake and for late state RCC. Also, we conducted a stratified analysis between GI/ GL and RCC risk by four groups when BMI (<25 kg/m 2 versus ≥25 kg/m 2 ) and hypertension (yes or no) were modeled together (Supplementary Table 4 , available at Carcinogenesis Online).
In stratified analyses between fiber intake and RCC risk by BMI and hypertension (Supplementary Table 5 , available at Carcinogenesis Online), higher fiber intake was associated with lower RCC risk only among those who were hypertensive or those who were overweight/obese; the protective effect was the most pronounced among those who were hypertensive and overweight/obese.
The joint effects of GI with hypertension (yes or no) or BMI (<25 kg/m 2 or ≥25 kg/m 2 ) on RCC risk are shown in Figure 2 . The ORs for the combination of high GI with hypertension (yes), high BMI were 2.67 (95% CI = 1.96-3.64), 1.95 (95% CI = 1.29-2.92) respectively, compared with the opposite extremes.
Discussion
To our knowledge, this is the first U.S. study to report an independent positive association between high GI exposures and RCC risk. Our results indicate a 32% increased risk of RCC with the highest GI exposure, whereas the highest dietary fiber and starch intakes were associated with a 30 and 35% decreased risk of RCC, respectively. Our study also is the first to suggest that high GI levels combined with other factors (e.g. hypertension and being overweight or obese) are associated with greater RCC risk. We observed a 2.7 times higher risk of RCC in individuals with a high-GI diet and hypertension and a two times higher risk in overweight or obese individuals with a high-GI diet than in those without these factors. Our observation that a high-GI diet was associated with a 32% increased risk of RCC is consistent with the Italian casecontrol study findings of an OR of 1.43 (95% CI = 1.05-1.95) for the highest quintile of GI compared with the lowest quintile (9) . The Italian study also found an OR of 2.56 (95% CI = 1.78-3.70) for the highest quintile of GL, but our study did not find a significant association between GL and RCC risk. Meanwhile, the Canadian case-control study showed non-significantly increased ORs for RCC with high GI (OR = 1.18, 95%CI = 0.98-1.43) and high GL (OR = 1.09, 95% CI = 0.69-1.22) (11). In addition, the U.S. cohort study among a population older than 50 years found a non-significant reduction of RCC risk with high GI and GL (10) . Different populations and different methods in these studies might account for the variations in findings and further research is needed essentially to clarify the potential role for high GI and GL exposures in RCC etiology.
Our results suggested that GI, but not GL which considers both the quality and quantity of carbohydrate, was associated with RCC risk, suggesting that the quality of carbohydrates may play a more important role than the quantity in renal cell carcinogenesis. Consistent with this notion, our results also showed that the total amount of carbohydrates was not associated with RCC risk. In addition, high dietary GI but not GL has been consistently and significantly associated with increased risk of colorectal cancer in both cohort and case-control studies (7). One study further analyzed carbohydrate intake from high GI and that from low medium GI foods separately (22) . The results showed that only high carbohydrate intake from high GI foods significantly increased the risk of colorectal cancer, but the high carbohydrate intake from low GI foods significantly decreased the risk.
It has been suggested that a high-GI diet could increase cancer risk by elevating circulating glucose and insulin concentrations, which can promote glucose intolerance, insulin resistance and hyperinsulinemia (23) . High levels of circulating insulin may promote cancer development by affecting insulin-like growth factor-binding proteins and by increasing the bioactivity of IGF1, which has proliferative, angiogenic, antiapoptotic and estrogenstimulating properties (24) . Additionally, data from a rat model of diabetes showed that sustained hyperglycemia resulted in an adaptive metabolic response, growth factor signaling alterations and subsequent transformation of tubular epithelial cells (the cells from which RCC develops) and nephron carcinogenesis (25) . Another study showed that long-term exposure of tubular cells to hyperglycemia may cause disturbances in DNA repair mechanisms and thus may lead to RCC development (26) . However, the evidence for the association between insulin and RCC is still debated, as controversial data have been reported a null or inverse association (27, 28) . Further research is needed to understand the underlying mechanisms linking GI/GL and RCC risk in human.
The few previous studies that have examined the relationship between RCC and intake of different types of carbohydrates have also yielded conflicting results. Similar to our findings for fiber intake, results from a cohort study in the U.S. showed that total fiber intake was associated with a significantly decreased risk of RCC (15-20%) (14) , although two other prospective studies found null associations (29, 30) . Dietary fiber may lower RCC risk by slowing digestion and lowering the postprandial glucose response, which improves insulin sensitivity, reduces the generation and absorption of potential toxins, and lowers plasma levels of systemic inflammation biomarkers (14) . A meta-analysis suggests that fiber from different sources may have different effects and fiber from vegetables and legume may play a more important role in RCC prevention compared with fiber from other sources (31) . Although no association between starch intake and RCC risk was observed in the European Prospective Investigation into Cancer and Nutrition (EPIC) study (13) , an increased risk of RCC with higher starch intake was found in a case-control study in Italy (12) . Conversely, in our study, starch intake, especially when from high GI foods, was inversely associated with RCC risk. The source and nature of dietary starch may be a major determinant of glucose and insulin response, and major food sources for dietary starch likely differ among the Italian population (one of the populations with the highest starch intake in Europe), other European populations and the U.S. population, and this may partially explain the discrepant findings in studies of different populations.
In our study, total carbohydrate was not significantly associated with RCC risk and the finding is consistent with the results from the EPIC cohort (13) . Furthermore, our results suggest that the highest level of total sugar intake may increase the risk of RCC and different types of sugar may have differential effects. Diets rich in sugar, rather than starch, have been shown to have adverse effects on health including diabetes, obesity and possibly some cancers by raising levels of triglycerides and insulin (32) . As different components of carbohydrates have diverse effects on the postprandial glucose response and insulin levels, one scientific consensus suggested that reducing starch gelatinization and increasing viscous fiber or fructose content could reduce the GI of common carbohydrate-rich foods (5) and thus potentially reduce the risk of RCC.
In our study, the stratified analysis results indicated that the risk of increasing GI for RCC appeared to be greater in individuals with RCC risk factors, such as hypertension, obesity or overweight than in individuals without these risk factors, although lacking of statistically significant effect modification between the strata. According to our joint effect analysis results, individuals with both a high-GI diet and hypertension or high BMI had at least two times higher risk of RCC than individuals without these risk factors. Hypertension is a confirmed risk factor for RCC and is hypothesized to play a role in RCC pathogenesis through oxidative damage and lipid peroxidation (33) . Furthermore, obesity-related insulin resistance and compensatory hyperinsulinemia are important mechanisms in RCC pathogenesis (34) . Individuals with a high BMI tend to have a high-energy diet, with high intake of simple sugars, low intake of fiber and high GI exposures. This finding suggests that reducing GI exposures could reduce RCC risk for individuals with established risk factors, such as hypertension and high BMI. Additionally, our findings suggest that high GI levels combined with other risk factors may help identify high-risk individuals for targeted screening and intervention.
Our study has several strengths. To our knowledge, this is the first study to examine the association of GI, GL and intake of total carbohydrates, fiber, starch and sugar with RCC risk in a large group of patients with newly diagnosed, histologically confirmed RCC in the USA. We also evaluated the quantity and quality of carbohydrate intake through a validated food frequency questionnaire. Furthermore, we comprehensively controlled for many potential confounding factors and explored the independent and joint effects of GI and GL with these factors. Notably, given the potential influence of poor overall diet quality on RCC risk and the correlation between poor overall diet quality and high GI/GL diet, our full model also adjusted for overall diet quality (as indicated by the HEI-2015 score), which has never been done in previous studies. Our results did show that overall diet quality was a significant confounder for the associations of GI and fiber with RCC risk; after further adjustment of HEI-2015 score, the associations were attenuated but remained significant, suggesting them as independent risk factors for RCC risk.
However, our study has several potential limitations. It is possible that cases reported their dietary intake such as unhealthy dietary habits differently from healthy controls, leading to biased effect estimates. However, it is unlikely that cases and controls differentially reported dietary consumption based on GI values. In addition, measurement errors may occur when assessing dietary intake with the food frequency questionnaire, but these errors are expected to be non-differential between cases and controls. Third, residual confounding due to unmeasured or unknown confounders may be present, although comprehensive adjustment for known risk factors of RCC minimized this possibility. Finally, GI may not be able to capture all the inter-individual variations in responses to 'high-GI foods'. For example, inter-individual differences in microbiota and the way they utilize different carbohydrate sources may also contribute to the inter-individual responses to 'high-GI foods'.
In conclusion, our findings suggest that a high-GI diet is associated with an increased risk of RCC and that individuals with a high-GI diet and hypertension or high BMI may have a higher RCC risk than those without these factors. Also, increased total fiber and starch intake were associated with decreased RCC risk. Given the limited number of epidemiological studies of carbohydrates and related indexes and risk of RCC, further studies are warranted to establish causality and to explore underlying mechanisms.
Supplementary material
Supplementary data are available at Carcinogenesis online. 
